Abstract We have investigated genetic parentage in a Swiss population of tawny owls (Strix aluco). To this end, we performed genetic analysis for six polymorphic loci of 49 avian microsatellite loci tested for crossspecies amplification. We found one extra-pair young out of 137 (0.7%) nestlings in 37 families (2.7%). There was no intra-specific brood parasitism. Our results are in accordance with previous findings for other raptors and owls that genetic monogamy is the rule. Female tawny owls cannot raise offspring without a substantial contribution by their mates. Hence one favoured hypothesis is that high paternal investment in reproduction selects for behaviour that prevents cuckoldry.
Introduction
The recent development of molecular genetic markers has revealed that birds are rarely sexually monogamous, with extra-pair offspring found in approximately 90% of the species studied (Griffith et al. 2002) . The frequency of extra-pair young (EPY) greatly differs between species and populations; this has been related to a variety of ecological factors and life-history tactics (reviewed by Westneat and Sherman 1997; Griffith et al. 2002; Roulin et al. 2004 ). Several hypotheses have been proposed to explain why in some species the level of extra-pair paternity (EPP) is high. For example, females may copulate with extra-pair males to obtain good genes, maximize genetic compatibility, avoid inbreeding depression, or increase offspring heterozygosity (Tregenza and Wedell 2000; Petrie and Kempenaers 1998; Kü pper et al. 2004; Foerster et al. 2003) .
A high level of EPP is usually found in socially monogamous colonial species and in territorial species that reproduce at high densities and/or synchronously, because females can easily engage in extra-pair copulation (EPC) with neighbouring males (Stutchbury 1998; Arlt et al. 2004 ). Arnold and Owens (2002) also proposed that males in long-lived species reduce parental investment if paternity was uncertain to fully invest in future reproductive attempts in which the certainty of paternity is high. This argument is particularly relevant for species in which males assume most of the parental duties, for example raptors and owls (Møller and Cuervo 2000; Møller 2000; Pechacek et al. 2005) . Indeed, males of these species provide most of the food items for their brood and their female partners stay on the nest to warm the eggs and nestlings, and distribute the food among the offspring. Accordingly, in raptors and owls the incidence of EPP is particularly low even in species breeding at high densities (Roulin et al. 2004 ).
Here we report the first study of alternative breeding strategies of the tawny owl S. aluco, a philopatric and socially monogamous raptor. The tawny owl is the most common owl in temperate forests in the Palaearctic with typically 0.5-1.0 breeding pairs per km 2 (Galeotti 2001) . To examine genetic parentage in 37 families of a Swiss population we developed a system of cross-species amplified microsatellite loci.
Methods

General methods and study site
The study was performed in spring 2004 in a population of tawny owls breeding in nest-boxes in western Switzerland in an area of 600 km 2 located at a mean altitude of 660 m (range 480-900). For each nest, we recorded clutch size, hatching date, number of hatchlings and fledglings. Using heparinised Microvette CB 300 (Sarstedt, Sevelen, Switzerland) we collected a blood sample (20-100 lL) from the brachial veins of 35 female and 34 male parents and 137 hatchlings from 37 families. To calculate the allele frequencies in the population we also considered eight extra adults (six females and two males) which had lost their clutch. Blood samples were stored in Queen's Lysis Buffer (Seutin et al. 1991) at -20°C until DNA extraction in the laboratory with a commercial kit (Wizard Genomic DNA Isolation Kit, Promega, Switzerland).
Genetic parentage analysis
Because no microsatellite markers have been previously described in the tawny owl, we tested 23 and 26 microsatellite loci isolated from strigidae and passerines, respectively, for cross-species amplification and polymorphism (Appendix). Cross-species amplification tests were performed on blood collected in 2003 for the same studied population on eight nestlings from eight different broods. Polymerase chain reaction (PCR) was run in a 10 lL volume containing 10-50 ng genomic DNA, 1 lL Taq buffer, 0.5 U Ampli TaqGold DNA polymerase (Applied Biosystems, Rotkreuz, Switzerland), 200 lmol L -1 of each dNTP (Amersham Pharmacia Biotech), 0.5 lmol L -1 of each primer, and a locus-dependent concentration of MgCl 2 (Appendix). PCR cycling conditions were 10 min at 95°C, 40 cycles of 30 s at 95°C (except for So8G11, with 35 cycles), 30 s at locus-specific annealing temperature, 45 s at 72°C, followed by a final extension step for 60 min at 72°C (GeneAmp 9700 thermal cycler; Applied Biosystems). PCR products were monitored for amplification by electrophoresis on ethidium bromide-stained 2% agarose gels,which were visualised by UV-transillumination. In total, 21 of the 23 strigidae loci and 18 of the 26 passerine loci were successfully amplified (Appendix), and PCR fragments of 11 loci which seemed to be polymorphic on agarose gels were then analysed by capillary electrophoresis on an ABI 3100 Genetic Analyser (Applied Biosystems) (Appendix). Out of those 11 loci, 9 were analysed for allele frequencies using 24 unrelated nestlings and for mendelian segregation using two families sampled in 2003. Final genetic parentage analysis using the blood samples collected in 2004 was restricted to six polymorphic loci that were in Hardy-Weinberg equilibrium and had a high exclusion probability for the candidate parents (Table 1) . Exclusionary power of all six loci was 0.9936 for the first parent and 0.9995 for the second. Parentage assignment was performed with Cervus Version 2.0 (Marshall et al. 1998) . The simulation was run with the settings: 10,000 cycles and 50 candidate parents; the proportion of sampled candidate parents was 0.72; the rate of typing error was set to 0.02. Because both social parents were known for most of the families analysed, we first used the program to control for mismatches between the nestlings' and their parents' genotypes. As a second step we ran the analysis without a known parent, including all sampled males and females, and then with the female assigned as known parent and all males as candidate parents.
Results and discussion
Nine of the 137 nestlings (6.6%) showed one mismatch with their putative genetic mother but no nestling was mismatched with its mother at more than one locus, suggesting that intra-specific brood parasitism does not occur in our population. In tawny owls only females incubate the eggs; because they breed in January and February, they can only go away from the nest for a very short spell during egg laying and incubation, otherwise eggs and small nestlings would freeze. During this period females are provided with food by their mate. The female's permanent presence in the nest hole leaves only very small opportunity for other females to parasitize nests during the egg laying and incubation period.
One nestling out of 137 (0.7%) mismatched its putative biological father at two loci, and was therefore regarded as an extra-pair fertilized offspring. Hence, only one out of 37 (2.7%) broods contained an EPY. This male young was the last-hatched nestling of a three-egg clutch. Use of the parentage assignment computation in Cervus did not enable identification of the genetic father of this nestling among the males sampled. The discovery of only 0.7% EPY in the tawny owl is in agreement with the hypothesis that long-lived species in which males invest substantial effort in rearing their brood should have low levels of EPP (Westneat and Sherman 1997; Marks et al. 1999; Mauck et al. 1999; Wink and Dyrcz 1999; Møller 2000; Møller and Cuervo 2000; Griffith et al. 2002; Arnold and Owens 2002; Roulin et al. 2004; Spottiswoode and Møller 2004) .
At least two mechanisms can account for low EPP rates in owls and other raptors (reviewed by Roulin et al. 2004) . First, because much paternal effort is crucial for the success of the brood, females are predicted to refrain from seeking EPC if males reduce their breeding effort when their paternity is in doubt (Osorio-Beristain and Drummond 2001; Arnold and Owens 2002; Neff 2003) . Alternatively, high paternal investment may leave males with little time available to seek EPC. As the females must stay in their nest hole during egg laying, because of the low ambient temperature, males interested in EPC would have to go searching actively for sexual contacts by intruding in foreign territories, risking injury by the mate of the target female and loss of the resources needed for their within-pair offspring.
Experimental work is now required in which there is manipulation of both certainty in paternity (e.g. by simulating intrusion of another male into a territory) and paternal investment (e.g. by modifying brood size, which would result in males with reduced brood size having more resources for seeking EPC than males with large brood sizes). 102913 to A.R. and PP00A-109009 to P.B.). We are grateful to Pierre-Alain Ravussin for allowing us to study his tawny owl population. Blood sampling and capture of breeding tawny owls were conducted with legal authority from the ''Service vé té rinaire du canton de Vaud, no. 1508''.
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